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Role of the Protein Chaperone YDJI in 
Establishing Hsp9O-Mediated Signal 

Transduction Pathways 
Yoko Kimura, lchiro Yahara, Susan Lindquist* 

The substrate-specific protein chaperone Hsp9O (heat shock protein 90) from Saccha- 
romyces cerevisiae functions in diverse signal transduction pathways. A mutation in YDJI, 
a member of the DnaJ chaperone family, was recovered in a synthetic-lethal screen with 
Hsp9O mutants. In an otherwise wild-type background, the yd j l  mutation exerted strong 
and specific effects on three Hsp9O substrates, derepressing two (the estrogen and 
glucocorticoid receptors) and reducing the function of the third (the tyrosine kinase 
p60v-Src). Analysis of one of these substrates, the glucocorticoid receptor, indicated that 
Ydjl exerts its effects through physical interaction with Hsp9O substrates. 

I n  vitro, purified Hsp9O can function as a 
general protein chaperone ( 1 ) .  In  vivo, 
however, Hsp9O functions in a large hetero- 
ligomeric complex and exhibits a high de- 
gree of substrate specificity (2) .  T h e  chap- 
erone activities of Hsp9O participate in a 
wide range of signal transduction pathways, 
illcluding pathways controlled by steroid 
receptors, tyrosine kinases, and serine- 
threonine kinases (2-7). These structural 
and functional properties are highly con- 
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served: Mammalian and veast Hsn9Os are 
found in similar macromoiecular cdmplexes 
( 2 ,  a ) ,  mammalian Hsp9O complements the  
essential functions of yeast Hsp90 (3,  9 ) ,  
and yeast Hsp90 promotes the activation of 
steroid-receptor and tyrosine kinase target 
proteins from vertebrate cells (3, 6 ,  10). 

T o  identify proteins functionally related 
to Hsp90, we searched (Fig. 1)  for Saccha- 
romyces cerevisiae mutations that would be 
lethal in  combination with Hsp90 muta- 
tions that themselves have little effect o n  
growth a t  30°C (synthetic-lethal, or  SL, 
mutations) (1 1 ,  12).  T o  identify the  SL 
gene obtained In this search, we screened 
yeast libraries for plasmids that would com- 
plement the  SL phenotype. All plasmids 
recovered encoded either Hsp90 or one of 
two members of the DnaJ chaperone family, 
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YDJl (isolated as a single-copy plasmid) 
and SISl (isolated as a multicopy plasmid) 
(13). Because high-copy S l S l  plasmids 
suppress YDJl mutations (13), it seemed 
likely that the SL mutant was an allele of 
YDJl. This prediction was confirmed by 
linkage analysis (14). The mutant allele in 
the SL strain was recovered and found to  
carry a G to A transition in codon 315, 
changing a highly conserved G ly  to Asp in 
the generally less conserved COOH-ter- 
minal region ( ~ d j l ~ ~ ' ~ ~ ) .  

T o  define further the relation between 
Hsp90 and Ydj 1, we examined the effect o f  
the ydjlG3'5D (SL) mutation on Hsp90 sub- 
strates (3, 6, 10). One o f  the best charac- 
terized of these substrates is the glucocorti- 
coid receptor (GR) (2). The chaperone 
Hsp90 is part of the GR aporeceptor com- 
plex and is required to  maintain the recep- 
tor in a hormone-activatable state (2, 3, 
10, 15, 16). When GR is expressed in yeast, 
Hsp90 mutations strongly reduce the ability 

Strain 5CG2 
A ( O W h l  

\ -) Gal - 

Glu 
Gal 

4 Drop plasmid 

pHSW(HSP82) 
or phsp90(hsp8$~~~) 

5CG2 5CG2-SL 
+pHSPSO +phspW +pHSPW +phspW 

Glu * + + 
Gal A + + + 

Fig. 1. Synthetic-lethal screen. (A) Strategy for 
obtaining SL mutations with a temperature-sensi- 
tive Hsp9O mutation (37). EMS, ethylmethane sul- 
fonate. (B) Growth properties. 5CG2 grows on 
glucose when transformed with either HSP82 
(HSP9O) or hsp82G770D (hsp9O mutant). The SL 
derivative grows on glucose only when trans- 
formed with HSP82. Cells were streaked on me- 
dium without histidine (to maintain the plasmid) 
and incubated at 30°C for 5 days. 

of GR to be activated by hormone (3, 10, 
16). We  transformed a high-copy GR ex- 
pression plasmid and a lac2 GR reporter 
plasmid into (i) a wild-type strain, ( i i )  a 
strain carrying the ydjlG3'5D mutation, and 
( i i i )  a strain carrying the Hsp90 mutations 
used in our screen (strain 5CG2 without 
the GAL1 promoter substitution) (Fig. 1). 

The Hsp90 mutations reduced hormonal 
induction o f  $-galactosidase ($-Gal) by 
about threefold at 30°C (Fig. 2A). The 
ydjlG315D mutation also affected $-Gal ac- 
tivity, but in a very different way. It in- 
creased activity in the absence of hormone 
by about 200-fold. This increase in report- 
er-gene expression was specifically due to  

a change in GR activity. When the report- 
er plasmid was retained but the GR ex- 
pression plasmid was lost (by growth o n  
single-selection medium), constitutive 
$-Gal activity was also lost. With the 
addition o f  hormone, $-Gal activity in- 
creased in ydjlG3'5D cells by twofold in 2 
hours (Fig. 2A). However, after about 6 
hours, when activity had reached a maxi- 
mum (twice the level observed at 2 hours), 
ydjlG3'5D and wild-type cells exhibited 
equivalent activity (14, 17). 

T o  investigate the reason for increased 
basal activity in the ydjlG3'5D mutant, we 
examined levels o f  GR protein by immuno- 
blotting. A modest increase in GR accumu- 

Multicopy GR Lowcopy OR LEU2 promoter 

+ + * - - - -- 
WT ydll hsp90 lN-f ldjl w-r Vdif 
CUP1 promoter ER 

Estradiol 2 2 
w-r Vdir 

Fig. 2. ydjlG3lSD selectively increases basal GR and ER activities. Wild-type, ydjl, and hsp90 cells 
were grown to mid-log phase at 30°C and then treated with or without inducer: (A and B) 10 pM 
deoxycorticosterone (DOC, saturating concentration); (C) no inducer; (D) 50 pM CuSO,; (E) 0.1 pM 
p-estradiol for 2 hours (1 hour for CuSO,). p-galactosidase activity was measured with Galacto-Light 
(TROPIX) and normalized to total protein concentration as described (16). Each point is the average 
of at least three independent experiments, with two replicates each. Activities are expressed relative 
to induced activity in wild-type cells. Activities expressed as photon unit per microgram in represen- 
tative experiments were as follows; 1, 4070; 2, 1434824; 3, 1050795; 4, 2445929; 5, 9170; 6, 
434054; 7,5806; 8,30831 4; 9,330942; 10,716030; 1 1,35581 ; 12,20630; 13,337; 14,151 681 ; 15, 
539; 16, 103897; 17, 5220; 18, 213821 ; 19, 110935; and 20, 430017. Strains: WT, YPH499 (32); 
ydjl, PCy7 (cells harboring the ydjlG3lSD mutation backcrossed three times to eliminate possible 
extraneous mutations); and hsp90, YOK5ura:HIS (YPH499 cells carrying an hsc82:HIS3 disruption 
and a chromosomal replacement of HSP82 with hsp82G170D (12). Plasmids: (A) high-copy GR 
expression plasmid pGPD-795 (33) and lacZ reporter pSX26.1 (33); (B) single-copy GR expression 
plasmid pHCAIN795 and high-copy reporter pL2IGZ; (C) LEU2lacZ reporter plasmid pYB1 (34); (D) 
CUPllacZ reporter plasmid pCLUC; and (E) high-copy ER expression plasmid p2HGPDIERcyc (76) 
and lacZ reporter pUCASS-ERE (3). (F) Effects of ydjlG3lSD on GR accumulation. Total proteins were 
separated on a 10% SDS-polyac~ylamide gel, transferred to an Immobilon-P membrane, stained with 
Coomassie blue to demonstrate equal loading, and reacted with GR-specific antibody, BuGR2 (16). 
(G) Effects of ydjlG3lSD on Hsp104 and Hsp26 accumulation. Total proteins from (lane 1) wild-type 
(YPH499), (lane 2) ydjl (Pcy7), (lane 3) ssalssa2 (A889) (35), and (lane 4) wild-type (A812 isogenenic 
with A889) cells were separated as described in Fig. 28 and reacted with antibody to Hspl04 or 
Hsp26. 
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lation was observed in the mutant strain 
(1.5- to 4-fold in different experiments) 
[Fig. 2F and (14)l. Theoretically, a small 
increase in GR concentration could pro- 
duce a large increase in activity, by titrating 
a limiting repressor. This possibility was 
eliminated when cells were transformed 
with a single-copy GR plasmid. The single- 
copy strains accumulated much less GR 
protein and exhibited much less GR activ- 
ity than high-copy strains. Nevertheless, 
constitutive GR activity was still observed 
in the absence of hormone in ydj1G3'5D 
cells (Fig. 2B). 

Several experiments demonstrated the 
specificity of the ydj1G315D mutant pheno- 
type for Hsp90 substrates. First, the 
ydj 1 G3'5D mutation did not significantly in- 
crease the basal activity of lac2 plasmids 
controlled by the LEU2 promoter or the 
copper-inducible CUP1 promoter (Fig. 2, C 
and D). Second, using antibodies against 
Hspl04 and Hsp26 (Fig. 2G) and an HSE 
lac2 construct to monitor the stress re- 
sponse (14), we detected only a very small 
increase in hsp abundance as a result of the 
ydj1G3'5D mutation-far less, for example, 
than that observed with Hsp70 mutations. 
Third, analysis of total yeast proteins by 
means of high-resolution gels revealed that 
the vast majority of proteins were unaffect- 
ed by the ydj1G3'5D mutation (14). In con- 
trast, mutations in Hsp70 genes (ssalssa2) 
changed the pattern of accumulation of sev- 
eral proteins (14, 18). Fourth, when the 
Hsp90 interaction domain was removed 
from GR, by deletion of the COOH-termi- 

nal region, GR was constitutively active 
and the ydj1G3'5D mutation had little effect 
(19). 

Next, we examined other Hsp90 sub- 
strates. Although the estrogen receptor 
(ER) signaling domain has a primary amino 
acid sequence that is very different from 
that of GR, it also binds Hsp90 (15, 20). 
Moreover, ER activity is reduced by Hsp90 
mutations in yeast, albeit not to the same 
extent as GR activity (10). The ydj1G3'5D 
mutation increased basal ER transcriptional 
activity by 20-fold (Fig. 2E). 

Equally strong effects were observed 
with a very different Hsp90 substrate, the 
oncogenic tyrosine kinase p6OV-" (21 ). The 
maturation of p60v""' is promoted by Hsp90 
(6, 16). Because p6OV"" is toxic in yeast, 
Hsp90 mutations rescue cells containing a 
galactose-regulated v-src gene from lethality 
on galactose (6). When pGal10-v-src was 
transformed into the three test strains, all 
grew at near wild-type rates on glucose. On 
galactose, wild-type cells died (Fig. 3A). 
The ydj1G315D mutation rescued growth as 
effectively as the hsp90 mutations. It also 
reduced both the accumulation of p6OV-" 
and its activity as a tyrosine kinase [Fig. 3, 
C and D, and (22)l. Thus, although p60v-wc 
function was decreased, rather than in- 
creased (as observed for GR and ER), it is 
clear that the function of this Hsp90 target 
protein was also extremely sensitive to the 
ydjl G315D mutation. 

Do the effects of this mutation indicate 
a role for wild-type Ydjl in determining 
the activity of Hsp90 target proteins? A 

Fig. 3. Effects of ydi1G315D A Galactose Glucose . . 

and Hsp9O mutations on 
p60V-sm. (A) p60V-Sm toxici- 
ty. Cells transformed with 
pGAL 10-v-src were grown 
to mid-log phase on glu- 
cose, adiusted to 1 O6 cells ydjf- 
per milliliter, serially diluted 
(10-fold each stew), swotted 
into synthetic ' 'medium, 
and incubated at 30°C for 4 
days (glucose) or 5 days 
(galactose). pGAL 10-v-src 
was created by insertion of 
the Barn HI-Cla I fragment B 6' c op D 
of GAL10-v-src (6) into $ PC.' $ 4 +Q op & $ +Q 
pRS313. Strains were as -- ~= ~ . .  - - 

described in Fig. 2, except 4 

that YOK5 (12) substituted 97+ 97-t ) 
for YOK5ura:HIS. (B) Gen- 69+ 69+ 
era1 protein accumulation. 46-r 46- 
Tota! Coomassie ,b!$e- 30+ 
stained proteins from mid- ' 

log cells induced for 6 
hours-- with galactose and 
analyzed as in Fig. 28. (C) 
p60V-Sm accumulation. Blot 
of Fig, 38, reacted with antibody to v-src LA074 (Quality Biotech). (D) p60V-Sc-mediated tyrosine 
phosphorylation. Blot of (C), stripped, and reacted with antibody to phosphotyrosine (Upstate Bio- 
technology). 

plasmid encoding wild-!ype Ydjl restored 
normal GR regulation in ydj 1 G315D cells 
(14). Moreover, a deletion of YDjJ in- 
creased basal GR activity to a similar ex- 
tent as the ydj1G3'5D mutation (23), and 
overexpression of YD]1 reduced GR activ- 
ity, even in the presence of hormone (14). 
Although it is possible that the G315D 
point mutation selectively compromises 
Hsp90-related functions of Ydj 1, the phe- 
notypes of this mutation reflect an impor- 
tant function of wild-type Ydj 1. 

Ydjl and Hsp90 are both abundant 
chaperones (24, 25). To look for a direct 
association between them, we used a his- 
tidine-tagged Hsp90 derivative that allows 
rapid chromatographic recovery of many 
Hsp90-associated proteins (8). Only a very 
small fraction of the Ydjl protein in the 
cells was recovered, indicating that the 
two proteins do not form an abundant 
stable complex (26). However, Ydjl and 
Hsp90 were both detected in association 
with an epitope-tagged derivative of GR 
used to analyze the subfraction of the 
chaperone proteins that might be associ- 
ated with substrate (Fig. 4). As expected, 
Hsp70 (Ssa but not Ssb) was also recov- 
ered with GR. 

The ydjJG3IsD mutation greatly reduced 
the association between ydjl and GR. The 
capacity of GR to bind to the antibody was 
also markedly reduced. (Note that in the 
experiment shown in Fig. 4, the level of GR 

Lysate Eluate 

w-r Vdi1 -- wr ydjl -- 
Tag - + - + - + - +  

Ydjl - 0 - 
Ssa 

-- 

Ssb - - - - 
1 2 3 4  5 6  7 8  

Fig. 4. Specific binding of HspSO, Ydjl, and Ssa 
to FLAG-tagged GR. Wild-type and ydj1G315D 
cells were transformed with plasmids encoding an 
epitope (FLAG)-tagged GR (pCHFLAGGR) (36) or 
wild-type GR (p2HG/N795) together with reporter 
plasmid pSX.26.1. [In separate experiments ex- 
amining hormone-inducible p-Gal activity, the 
epitope-tagged protein was found to be fully func- 
tional (14)]. Total high-speed supernatants of cell 
lysates (lanes 1 to 4) and proteins eluted from an 
anti-FLAG affinity gel (lanes 5 to 8) (3, 37) were 
separated on SDS-polyacrylamide gels, trans- 
ferred to lmmobilon membranes, and reacted with 
antibody specific for GR, Hsp82, Ydjl, Ssa, or 
Ssb. Lanes 1 and 5, wild-type cells, wild-type GR; 
lanes 2 and 6, wild-type cells, FLAG-tagged GR; 
lanes 3 and 7, ydjlG315D cells, wild-type GR; lanes 
4 and 8, ydjlG375D cells, FLAG-tagged GR. 
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was particularly high in the 100,000g super- 
natant of ydjl " 3 ' 5 D  lysates, yet considerably 
less GR was recovered with the antibody.) 
Hsn70 recoverv also decreased, but onlv in 
prdportion to ;he decrease in GR recov'ery. 
More surprisingly, Hsp90 recovery in- 
creased. Whether this was due to an in- 
crease in the strength of the interaction 
between H s ~ 9 0  and GR or to an actual 
increase in the number of Hsp90 molecules 
bound to GR is not clear. The simplest 
explanation of these phenomena is that 
Ydjl interacts with GR, and in so doing 
influences both the conformation of GR 
and the nature of its association with 
Hsp90. 

The steroid receptor substrates of 
Hsp90-GR and ER-contain signaling 
domains with overlapping Hsp90- and hor- 
mone-binding regions. These domains serve 
as autonomous hormone-responsive repres- 
sors that can be transferred to other pro- 
teins (15, 27). Hsp70 promotes the associ- 
ation of Hsp90 with these domains and 
H s ~ 9 0  helm them to achieve an activation- 
competent state, such that when hormone 
binds, the domain adopts a nonrepressing 
conformation (2,  3, 15, 28). The present 
experiments demonstrate that Ydj 1 plays a 
direct role in helping these domains to 
achieve their repression-competent state. 

Recent work suggests that the complexes 
formed by receptor and Hsp90 are dynamic, 
continuously cycling through forms that do 
or do not contain Hsp70 and other proteins 
such as p60, p23, and the immunophilins 
(2, 28-29). We suggest that Ydjl partici- 
pates in this process, continuously affecting 
the activity of newly synthesized, previously 
synthesized, and perhaps even previously 
activated (recycling) GR (2). The activa- 
tion pathway for p60'-"", in contrast, is 
direct and does not involve the mainte- 
nance of regulated intermediates in the cy- 
tosol. Apparently, in affecting interactions 
between Hsp90 and this substrate, Ydj 1 de- 
ficiencies simply reduce the level of p60"-"' 
function in the cell 130). ~, 

Our SL genetic screen and analysis of 
heterologous Hsp90 substrates have shown 
a strong relation between Hsp90 and Ydjl 
functions. The chaperone Ydj 1 participates 
with Hsp70 and Hsp90 in establishing sev- 
eral signaling pathways, presumably by fa- 
cilitating critical changes in protein confor- 
mation and olioolnerization that are re- " 
quired for signal transduction. The partici- 
pation of the stress-responsive chaperones 
in these pathways provides additional 
mechanisms for integrating responses to a 
wide variety of signals (5). 
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